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Introduction {#sec005}
============

Capsule endoscopy is a minimally invasive examination procedure that enables observation of the intestinal tract. A capsule endoscope (CE) moves in the digestive tract by gut peristalsis, and the images it obtains are recorded via wireless communication \[[@pone.0139878.ref001]\]. Although capsule endoscopy has been employed for the evaluation of the small intestine, esophagus, and colon, which are simple elongated cylindrical organs, it has not been used in the stomach \[[@pone.0139878.ref001]--[@pone.0139878.ref006]\]. As the stomach comprises a large area with a complex bag shape, it is not possible to observe the whole stomach by gut peristalsis only. Furthermore, in capsule endoscopy, the CE cannot be maintained at a desired position, and unlike with conventional tube-type endoscopy, an examiner cannot observe a lesion from any desired direction \[[@pone.0139878.ref007]\]. One solution is to append the functions to control from outside of the body and allow for real-time observation to a CE.

We developed the Self-Propelling Capsule Endoscope (SPCE), a CE with the above-mentioned functions. Previously, we achieved control of the SPCE in the stomach of a living dog \[[@pone.0139878.ref008]\] and safely maneuvered the device in a living human's stomach, small intestine, and colon \[[@pone.0139878.ref009]\].

For the practical application of the SPCE, its detecting capability must be assessed objectively. CE functions to allow for controllability from outside of the body and real-time observation have been developed at several institutions \[[@pone.0139878.ref006], [@pone.0139878.ref008], and [@pone.0139878.ref009]\]. However, there is no objective report on the detecting capability of such devices. Although we successfully produced a SPCE by attaching a special fin to currently available CEs for the esophagus, small intestine, and colon, each with different viewing angles and frame rates, the most suitable CE for SPCE remained unclear.

For this purpose, we attempted to evaluate the differences in detecting capability and performance among three SPCE types, the fin of which was attached to a PillCamSB2, PillCamESO2, or PillCamCOLON2, in a screening test of the stomach. By comparing the functions of each SPCE type, we sought to clarify the advantage of each function and its feasibility in clinical practice in order to address the critical development problems for any CEs that are controllable from outside of the body in real-time observation, including SPCE.

Material and Methods {#sec006}
====================

Driving System for SPCE via the Use of a Magnetic Field (New MiniMermaid System) {#sec007}
--------------------------------------------------------------------------------

We previously reported on the driving system for SPCE via the use of a magnetic field, namely the Ryukoku-Osaka system \[[@pone.0139878.ref008]\]. In the present study, we used a further modified system, known as the New MiniMermaid system ([S1 Video](#pone.0139878.s001){ref-type="supplementary-material"}).

The SPCE was built by connecting a dedicated fin made of silicon resin with a micro-magnet to an existing CE. The length of the fin was 19 mm ([Fig 1](#pone.0139878.g001){ref-type="fig"}). When the micro-magnet is placed in an alternating magnetic field, it vibrates. As the vibration transmitted to the fin, it is converted to a propelling force if in water. Therefore, it is necessary to provide water into the stomach for the control of the SPCE. Furthermore, three-dimensional control of the SPCE could be achieved by adjusting the magnetic field. In our experiments, an examiner controlled the SPCE with a dedicated controller while observing via a real-time monitoring system (RAPID Access; Given Imaging Ltd., Israel) ([Fig 2](#pone.0139878.g002){ref-type="fig"}) \[[@pone.0139878.ref008]\].

![(a) The body of a self-propelling capsule endoscope (SPCE). (b) A patient undergoes SPCE examination using the New MiniMermaid system. (c) The SPCE maneuver is conducted by a controller.](pone.0139878.g001){#pone.0139878.g001}

![Driving system for the self-propelling capsule endoscope (SPCE), which uses a magnetic field (New MiniMermaid system).](pone.0139878.g002){#pone.0139878.g002}

SPCE {#sec008}
----

The three types of CEs used in the present study are commercially available in several countries: PillCamSB2, PillCamESO2, and PillCamCOLON2 (Given Imaging Ltd., Israel) \[[@pone.0139878.ref010]--[@pone.0139878.ref012]\]. The main specifications of each CE are shown in [Table 1](#pone.0139878.t001){ref-type="table"}. The PillCamSB2, which is used for the small intestine, has a single head and captures images at two frames per second (fps) at a viewing angle of 156°. The PillCamESO2, commonly used for the esophagus, has double heads, which capture images at 18 fps each and provide an extra wide viewing angle of 169°. The PillCamCOLON2 for the colon also has double heads with an adaptive frame rate (AFR) and a viewing angle of 172° \[[@pone.0139878.ref010]--[@pone.0139878.ref012]\]. The AFR allows the PillCamCOLON2 to capture images at 18 fps in motion mode and two fps in virtually stationary mode \[[@pone.0139878.ref013]\]. The PillCamCOLON2 floats more easily than the PillCamSB2 and PillCamESO2 owing to its smaller specific gravity \[[@pone.0139878.ref014]\]. For the double-headed CEs---i.e., the PillCamESO2 and PillCamCOLON2---the camera of one head was used for this experiment, whereas that of the other head was attached to the fin and not used to capture images ([Fig 1A](#pone.0139878.g001){ref-type="fig"}). In this study, the three SPCEs attached to the PillCamSB2, PillCamESO2, and PillCamCOLON2 were named as SPCE-SB2, SPCE-ESO2, and SPCE-COLON2, respectively.

10.1371/journal.pone.0139878.t001

###### Specifications of the three capsule endoscopes used in the present study.

![](pone.0139878.t001){#pone.0139878.t001g}

  CE              Type of camera   Frames per second   Viewing angle (degrees)
  --------------- ---------------- ------------------- -------------------------
  PillCamSB2      Single camera    2                   156
  PillCamESO2     Double cameras   18                  169
  PillCamCOLON2   Double cameras   2 or 18 (AFR)       172

Abbreviations: AFR: adaptive frame rate, CE: capsule endoscope

Stomach Model {#sec009}
-------------

The stomach model was created from an excised porcine stomach. Eleven different colored buttons were sewn on to the mucosal side of the stomach ([Fig 3](#pone.0139878.g003){ref-type="fig"}). Each button\'s color is clearly different from the color of the mucosa of porcine stomach without blood flow. In the human stomach, quantitative evaluation is often difficult because it is not possible to sew buttons as landmarks. The stomach model was fixed in a styrol-foamed box to allow it to rotate manually because a patient is allowed to change postural positions in clinical practice. The stomach model was filled with 500 mL of water before the experiment ([Fig 4](#pone.0139878.g004){ref-type="fig"}). The excised porcine stomach was obtained from the Osaka Meat Organ Corporation (Osaka, Japan) two days prior to the procedure. The stomach was prepared as described above the day prior to the procedure.

![In total, 11 buttons with different colors were sewed to the mucosal side of the porcine stomach model.\
The image in the lower right panel is the stomach model, which was opened along the greater curvature after the experiment.](pone.0139878.g003){#pone.0139878.g003}

![The stomach model was filled with 500 mL of water and fixed in a styrol-foamed box to allow it to rotate manually.](pone.0139878.g004){#pone.0139878.g004}

Evaluation {#sec010}
----------

Four examiners (KO, TK, MI, and KU) participated in the experiment. The four examiners knew the positions of the colored buttons in the stomach model beforehand. Each examiner controlled the SPCE in the stomach model for 10 min, attempting to detect and closely examine as many buttons as possible. The stomach model was rotated, as per the examiner's instruction. First, the stomach model was placed supine, and then rotated towards the left lateral decubitus position, the prone position, and finally, the right lateral decubitus position. The reason for the position change was to minimize the amount of water flowing out of the stomach into the duodenum. The examination was conducted ten times using the SPCE-SB2 (KO: 3 times, TK: 3 times, MI: 2 times, KU: 2 times) and SPCE-COLON2 (KO: 3 times, TK: 3 times, MI: 2 times, KU: 2 times). However, for the SPCE-ESO2, the test was performed only nine times because the battery of the PillCamESO2 completely discharged during examination (KO: 3 times, TK: 2 times, MI: 2 times, KU: 2 times).

We devised two parameters to evaluate the detecting capability of the SPCEs. First, the number of detected buttons was used to assess their ability to find lesions. Second, an SPCE-performance score was calculated to evaluate the ability to examine these lesions in detail. The score was defined as the sum of points given to each button as follows: 2 points were given if a button could be approached and observed closely; 1 point was given if a button came into view but could not be approached closely; and no points were given if a button could not be detected ([Fig 5](#pone.0139878.g005){ref-type="fig"}). The maximum number of buttons was 11, and that of the SPCE-performance score was 22 points.

![Examples of the images and their associated self-propelling capsule endoscope-performance scores.\
The score is the sum of the points given to each button as follows: 2 points were given if the buttons could be approached and observed closely; 1 point was given if the buttons came into view but could not be approached closely; and no points were given if the buttons could not be detected.](pone.0139878.g005){#pone.0139878.g005}

The experiment of each SPCE were spaced more than a month, and the examiner underwent an experiment of each SPCE after they practiced several times with SPCE-SB2 in the previous experiment. Thus the improvement of the experimenter SPCE operation by overlaying a number of experiments are not considered.

Statistical Analysis {#sec011}
--------------------

The significant differences between the means of data for two different test groups were evaluated by the Mann-Whitney *U*-test. A p-value of \<0.05 was considered significant, and all tests were two-sided. Data are expressed as the mean ± standard deviation. All statistical analyses were performed using PASW Statistics 18 for Windows (SPSS Japan, Tokyo).

Results {#sec012}
=======

The median number of buttons detected in 10 min was 11 for the SPCE-ESO2 \[interquartile range (IQR): 0\], 10.5 (0.5) for the SPCE-COLON2, and 8 (1.0) for the SPCE-SB2. The SPCE-ESO2 and SPCE-COLON2 had a significantly better ability to detect lesions than the SPCE-SB2 (p \< 0.05). There was no significant difference in the ability to detect lesions between the SPCE-COLON2 and SPCE-ESO2. The examiner was able to detect all the buttons in every examination using the SPCE-ESO2 ([Fig 6](#pone.0139878.g006){ref-type="fig"}).

![Comparison of the ability to find lesions (the number of buttons detected by the self-propelling capsule endoscope in 10 min).\
This preliminary test was conducted ten times using the SPCE-SB2 (KO: 3 times, TK: 3 times, MI: 2 times, KU: 2 times) and the SPCE-COLON2 (KO: 3 times, TK: 3 times, MI: 2 times, KU: 2 times); however, for the SPCE-ESO2, the test was performed only nine times because the battery of the PillCam ESO2 completely discharged during the examination (KO: 3 times, TK: 2 times, MI: 2 times, KU: 2 times).](pone.0139878.g006){#pone.0139878.g006}

The median SPCE-performance score was 22 (0) for SPCE-ESO2, 16.5 (1.5) for SPCE-COLON2, and 14 (1.0) for SPCE-SB2. There were significant differences between the three SPCE types (p \< 0.05 for all of the comparisons: SPCE-SB2 versus SPCE-ESO2, SPCE-SB2 versus SPCE-COLON2, and SPCE-ESO2 versus SPCE-COLON2) ([Fig 7](#pone.0139878.g007){ref-type="fig"}).

![Comparison of the ability to examine the lesions in detail via the self-propelling capsule endoscope-performance scores.\
This preliminary test was conducted ten times using the SPCE-SB2 (KO: 3 times, TK: 3 times, MI: 2 times, KU: 2 times) and the SPCE-COLON2 (KO: 3 times, TK: 3 times, MI: 2 times, KU: 2 times); however, for the SPCE-ESO2, the test was performed nine times because the battery of the PillCam ESO2 completely discharged during the examination (KO: 3 times, TK: 2 times, MI: 2 times, KU: 2 times).](pone.0139878.g007){#pone.0139878.g007}

In the 10 examinations performed using the SPCE-SB2, detection of the buttons located in the upper body of the greater curvature and the fornix was considerably difficult. The SPCE-SB2 could detect the button at the fornix in only two examinations and the one at the greater curvature of the upper body in three examinations. However, detection of the buttons located in the antrum of the posterior wall (10/10 exams), the lower body of the lesser curvature (9/10), and the upper body of the posterior wall (9/10) was almost always possible.

In eight of the nine examinations performed using the SPCE-ESO2, all the buttons could be observed in detail. The time required for the SPCE-ESO2 to observe all the buttons in detail was 468 ± 74 s (7.8 ± 1.2 min).

The SPCE-performance score of the SPCE-SB2 was low at 14 ([Table 2](#pone.0139878.t002){ref-type="table"}). Of the three SPCE types, the SPCE-ESO2 was the most effective in detecting lesions and evaluating them closely ([S2](#pone.0139878.s002){ref-type="supplementary-material"}--[S4](#pone.0139878.s004){ref-type="supplementary-material"} Videos).

10.1371/journal.pone.0139878.t002

###### Detecting capability of the three self-propelling capsule endoscope types.

![](pone.0139878.t002){#pone.0139878.t002g}

  SPCE                                                                                       -SB2         -ESO2        -COLON2
  ------------------------------------------------------------------------------------------ ------------ ------------ ------------
  Number of the examination times                                                            10           9            10
  The ability to find lesions (the total number of detected buttons, maximum number: 11)     7.6 ± 1.1    11 ± 0       10.1 ± 1.0
  The ability to examine lesions in detail (the SPCE-performance score, maximum value: 22)   13.9 ± 1.6   21.9 ± 0.3   16.6 ± 2.1

Abbreviation: SPCE: self-propelling capsule endoscope

Discussion {#sec013}
==========

The present study identified the CE specifications that affected the SPCE functions. The SPCE-COLON2 and SPCE-ESO2 had a larger viewing angle than the SPCE-SB2, and were able to detect significantly more buttons than the latter one within 10 minutes, which was the primary reason for the enhanced ability to find lesions. In addition, SPCE-COLON2 and SPCE-ESO2, which could take several images in a second, were able to approach closer to the buttons than the SPCE-SB2.

By using a porcine stomach model, we demonstrated that the most suitable CE for SPCE was the PillCamESO2. Since the video obtained from the SPCE-ESO2 appeared in a continuous manner, maneuvering the device and approaching the buttons inside the model were easy via wireless control from outside of the stomach model. However, we did not expect that the SPCE-COLON2 would be inferior to the SPCE-ESO2. Because the PillCamCOLON2 is designed for the observation of the colon, its specific gravity is lower, and the device is more buoyant than the PillCamESO2 \[[@pone.0139878.ref014]\]. Therefore, the PillCamCOLON2 tends to face upward rather than downward in the water. Moreover, the SPCE-COLON2 does not send all captured images to the real-time monitoring system, whereas the SPCE-ESO2 could send all the images captured at 18 fps. Furthermore, the capturing speed of the SPCE-COLON2 is not constant owing to the AFR. These factors were reflected in the different SPCE-performance scores obtained in our experiments. The higher capturing speed enabled fine adjustments while controlling the SPCE. In other words, the examiner was able to move the SPCE more accurately towards the target, approach it, and stop at an appropriate distance.

Our results suggested that the SPCE-ESO2 could be used to screen and closely examine the human stomach in less than 10 min, which is within the usual duration of a gastric endoscopy procedure and allows for sufficient examination before the PillCamESO2 runs out of battery. However, the SPCE-SB2, with an inferior performance compared to the SPCE-ESO2, might miss those lesions located in the upper body of the greater curvature and the fornix. In addition, we found that lesions in the antrum of the posterior wall, the lower body of the lesser curvature, and the upper body of the posterior wall were easy to detect by using the SPCE. The SPCE could easily approach close to the posterior wall when the magnetic field was weakened. Observation of the fornix seemed to be difficult because the SPCE required to be maneuvered over large folds around the fornix, where air tends to accumulate. It is important to identify these possible blind sites before clinical application. Nonetheless, real stomach lesions cannot be compared to the buttons in the stomach model used in this study. Therefore, we need to assess the observation sequence more efficiently by performing further experiments using the stomach model. Rey et al. reported the results of clinical trial using Magnetically Guided Capsule Endoscopy (MGCE) which was a capsule endoscope operatable from outside of the body developed by themselves but this was not a comparison examination of capability of MGCE \[[@pone.0139878.ref015], [@pone.0139878.ref016]\]. From our results, for clinical application, it is considered that a controllable CE with functions such as SPCE-ESO2 is suitable.

Our study has several limitations. The stomach model in this study is not the same as a live human stomach with peristaltic motion and the secretion of gastric mucus. Also, the pig stomach model mucosa lacks blood flow, and is whiter than the gastric mucosa of a live human. In addition, the four examiners knew the position of the colored buttons in the stomach model and this may have made the detection of the colored buttons in the stomach model easier. However, we objectively compared three types of SPCE and demonstrated for the first time that SPCE could observe every area of the stomach. Because sewing colored buttons to an in vivo stomach is not practical, we chose to use the excised porcine stomach. We demonstrated that the SPCE-ESO2 could be used to examine the entire internal surface of the excised porcine stomach. Future studies in the live human stomach are necessary.

Conclusions {#sec014}
===========

In the present study, we demonstrated that the ability to find lesions and examine them in detail depended on the CE viewing angle and the frame rate of the images, respectively. These results might allow us to solve other problems of the SPCE, such as controlling the CE from outside the body at will, finding a lesion, and examining it in detail. The SPCE-ESO2 might be the most feasible in clinical practice. Future experiments using the SPCE-ESO2 in a human body are warranted.

Additionally, our results are considered to be universal for the development of a CE that is controllable from outside of the body and allows for real-time observation, including SPCE.

Supporting Information {#sec015}
======================

###### The self-propelling capsule endoscope is controllable in three-dimensional directions if in water.

(ZIP)

###### 

Click here for additional data file.

###### The view of the SPCE-SB2.

(ZIP)

###### 

Click here for additional data file.

###### The view of the SPCE-ESO2.

(ZIP)

###### 

Click here for additional data file.

###### The view of the SPCE-COLON2.

(ZIP)

###### 

Click here for additional data file.
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